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ABS TRACT 

Severa l  p o s s i b l e  atmospheric models are i n v e s t i g a t e d  based on d a t a  

from the  r a d i o  o c c u l t a t i o n  experiment,  and one i s  shown t o  be more l i k e l y  

than the o t h e r s .  P r o f i l e s  i n  he ight  of the  c o n s t i t u e n t  number d e n s i t i e s ,  

e l e c t r o n  number d e n s i t y ,  temperature ,  p r e s s u r e ,  and mass d e n s i t y  are de- 

r i v e d .  The a n a l y s i s  i n d i c a t e s  t h a t  Mars has a tenuous carbon d iox ide  

lower atmosphere w i t h  a temperature of about 180 O K  n e a r  t h e  s u r f a c e ,  

and an atomic oxygen upper atmosphere wi th  a temperature  of only about 

80 O K .  

t u r e  of t h e  atmosphere a t  in te rmedia te  a l t i t u d e s .  The main daytime 

ionospher ic  l a y e r  has  i t s  peak d e n s i t y  a t  120 k m ,  and is  most l i k e l y  a 

Bradbury (F2) l a y e r  wi th  the  p r i n c i p a l  i on  (0') being l o s t  through 

0 + C02 -, 0 + CO. The atmospheric mass d e n s i t y  decreases nea r ly  t e n  

orders of magnitude from the su r face  t o  the  base of t h e  exosphere a t  140 

k m ,  t hus  remaining s e v e r a l  o rde r s  of magnitude below t h e  dens i ty  of the  

e a r t h ' s  atmosphere a t  corresponding a l t i t u d e s  d e s p i t e  the  lower g r a v i t y .  

Frozen carbon d iox ide  p a r t i c l e s  may be an almost permanent f e a -  

+ + 
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I .  INTRODUCTION 

The Mariner I V  o c c u l t a t i o n  experiment provided new and p r e c i s e  data 

r e l a t i v e  t o  important  p r o p e r t i e s  of the  atmosphere of Mars. The  exper i -  

mental r e s u l t s  have been presented i n  s e v e r a l  p re l imina ry  p u b l i c a t i o n s ,  

t oge the r  w i t h  a phys i ca l  d e s c r i p t i o n  of s e v e r a l  basic p r o p e r t i e s  of t h e  

lower atmosphere and the  ionosphere [Refs ,  1-31, I n  a d d i t i o n ,  i n i t i a l  

model s t u d i e s  of t he  atmosphere are d iscussed  by Fje ldbo  e t  a1  [Ref. 41 

and by Johnson [Ref .  51. I n  the p re sen t  paper  w e  cons ide r  i n  g r e a t e r  

d e t a i l  the  p o s s i b l e  dominant phys ica l  and chemical phenomena i n  the  

upper  atmosphere and ionosphere i n  an at tempt  t o  d e r i v e  a more d e f i n i -  

t i v e  model f o r  t h e  Mart ian atmosphere. While s e v e r a l  p o s s i b l e  models 

are cons idered ,  one appears  to be more probable  than the  o t h e r s  based on 

p r e s e n t  information about the  c r i t i c a l l y  important  r a t e  c o e f f i c i e n t s  f o r  

i on  l o s s  p rocesses .  

The i n i t i a l  r e s u l t s  on atmospheric and ionospher ic  p r o p e r t i e s  as 

deduced from the o c c u l t a t i o n  experiment were s u r p r i s i n g l y  d i f f e r e n t  than 

had been a n t i c i p a t e d  based on previous  work. The model s t u d i e s ,  however, 

i n d i c a t e  t h a t  the o c c u l t a t i o n  r e s u l t s  f o r  the  lower atmosphere and t h e  

ionosphere e x h i b i t  a degree of s e l f - c o n s i s t e n c y  which tends  t o  subs tan-  

t i a t e  the b a s i c  c o r r e c t n e s s  of the  i n t e r p r e t a t i o n s ,  While much more 

work should be conducted on da ta  a n a l y s i s  and atmospheric model s t u d i e s ,  

i t  seems c l e a r  t h a t  the  fol lowing s a l i e n t  c h a r a c t e r i s t i c s  of t h e  atmo- 

sphere  of Mars have been w e l l  e s t a b l i s h e d :  

1. Mars has a tenuous atmosphere. For  example, the  molecular  number 
d e n s i t y  nea r  t h e  su r face  i s  only about 0 .8  percent  of t h a t  of t h e  
ear th ,  and corresponds to an a l t i t u d e  of about 34 k m  on ear th .  

2 .  Carbon-dioxide must be the  p r i n c i p a l  atmospheric c o n s t i t u e n t  i n  
o r d e r  t o  exp la in  both the o c c u l t a t i o n  and spec t roscop ic  measure- 
ments. This  sugges ts  t ha t  the  atmosphere was formed p r i m a r i l y  by 
ou tgass ing  of the p l a n e t .  

I n  a d d i t i o n ,  t h e  model s t u d i e s  d iscussed  here suggest  t h a t :  

3. The carbon d iox ide  i s  d i s soc ia t ed  between 70 and 80 km by s o l a r  
u l t r a v i o l e t  r a d i a t i o n ,  and the C02,  CO, and 0 are d i s t r i b u t e d  i n  
t h e  upper atmosphere by  d i f f u s i o n .  Thus atomic oxygen i s  t h e  
p r i n c i p a l  c o n s t i t u e n t  above about 90 km. 

- 1 -  SEL-66-007 
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The p r i n c i p a l  ion  i n  t h e  main d a y t i m e  ionospher ic  l a y e r  ( a  Bradbury 
l a y e r ,  l i k e  t h e  F2 region on e a r t h  where t h e  p r o f i l e  above t h e  
peak i s  c o n t r o l l e d  by ambipolar d i f f u s i o n )  i s  O+, and t h e  c r i t i c a l  
r e a c t i o n  for i t s  loss  i s  probably 

The atmosphere of Mars i s  very co ld  a t  a l l  a l t i t u d e s ,  t h e  tempera- 
ture  being about 180 O K  near t h e  surface ( a t  t h e  t i m e  and p l a c e  of  
t h e  immersion o c c u l t a t i o n  measurement) and about 80 O K  a t  iono- 
s p h e r i c  h e i g h t s .  B e t w e e n  t hese  he igh t  reg ions  i t  is  even c o l d e r ,  
t h e  temperature  being a t  or below t h e  f r e e z i n g  p o i n t  of C02 with  
f rozen  COS p a r t i c l e s  probably being an almost permanent f e a t u r e  of  
t h e  atmosphere. 

Because of t h e  low temperature ,  t h e  atmosphere of Mars is  confined 
near  t h e  p l a n e t  ( t h e  exosphere begins  nea r  140 km, where t h e  atomic 
mean-free-path equals  t he  s c a l e  h e i g h t ) ,  and t h e  he ight  p r o f i l e  of 
atmospheric mass d e n s i t y  i s  s e v e r a l  o r d e r s  of magnitude below t h a t  
of t h e  e a r t h  a t  a l l  he igh t s  even though g r a v i t y  i s  62 percen t  lower 
on Mars. Thermal escape of t h e  atmosphere i s  now i n s i g n i f i c a n t ,  
a l though l o s s  due t o  ac t ion  of t h e  s o l a r  wind may p lay  an important  
r o l e  i n  t h e  cont inuing  evolu t ion  of t h e  atmosphere. 

O+ + C02 -, O$+ CO. 

The work r epor t ed  here  and t h e  e a r l i e r  r e s u l t s  of  F je ldbo  e t  a1 

[Ref .  41 agree  wi th  c e r t a i n  important f e a t u r e s  of t h e  model developed by 

Johnson [Ref.  51 which fo l low from h i s  independent i d e n t i f i c a t i o n  of t h e  

ionosphere a s  a Bradbury l a y e r  having 0 as t h e  p r i n c i p a l  i on .  Our work 

d i f f e r s  from Johnson ' s ,  however, wi th  regard t o  t h e  c r i t i c a l l y  important  

r e a c t i o n  and ra te  c o e f f i c i e n t  f o r  t h e  l o s s  of oxygen ions  i n  t h e  main 

ionospher ic  l a y e r ,  wi th  t h e  r e s u l t  t h a t  t h e r e  are s e v e r a l  important  d i f -  

f e r ences  i n  ou r  conclusions about t h e  d e n s i t y  and temperature  p r o f i l e s .  

These and o t h e r  d i f f e r e n c e s  a r e  d iscussed  i n  t h e  f i n a l  s e c t i o n .  

+ 
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. 
11. THE LOWER ATMOSPHERE 

By way of review of previous p u b l i c a t i o n s ,  Table 1 summarizes t h e  

r e s u l t s  f o r  t h e  lower atmosphere as obta ined  from t h e  measurements made 

du r ing  immersion of t h e  spacec ra f t  i n t o  o c c u l t a t i o n  [Refs .  1-31, 

t a b l e  case ( a )  is  f o r  100 percent  CO 

percen t  CO by number d e n s i t y  and t h e  rest is  N and A r  i n  any r a t io .  

I n  t h e  

whi le  case ( b )  i s  f o r  80 t o  100 
2 '  

2 2 
and A r  are assumed, a l l  of t h e  

While t h e  r e l a t i v e  abundances of CO 2 '  N2' 
o t h e r  r e s u l t s  shown i n  t h e  t a b l e  fo l low d i r e c t l y  from t h e  atmospheric  

r e f r a c t i v i t y  and scale he igh t  measured n e a r  t h e  s u r f a c e  of Mars. The 

predominance of carbon d iox ide  i n  t h e s e  models w a s  chosen because t h e  

TABLE 1. SUMMARY OF PRELIMINARY RESULTS 
FOR THE LOWER ATMOSPHERE OF MARS 

3 .  Surface  Sca le  Height 

4 .  Sur face  Number Densi ty  

( a )  a l l  co2 
( b )  up t o  20 percent  N and/or A r  2 

5 .  Sur face  Mass Densi ty  

( a )  a l l  co2 
( b )  up t o  20 percent  N and/or A r  2 

6 .  Temperature Near Surf ace 

( a )  a l l  cog 
( b )  up t o  20 percent  N and/or A r  2 

7.  Sur face  P res su re  

( a )  a l l  co2 

( b )  up t o  20 percent  N2 and/or A r  

Immersion w a s  ove r  E l e c t r i s  a t  
50 deg S l a t i t u d e ,  177 deg E 
l ong i tude ,  l o c a l  t i m e  1 p.m. ,  
w i n t e r ,  s o l a r  z e n i t h  ang le  
67 deg 

3.6 If: 0.2 N-units  

9 + l k m  

3 

3 
1 .9  0.1 x mol/cm 

2.1  +_ 0.2 x mol/cm 

-5 3 

3 
1 .43  2 0.10 x 10 g/cm 

1.50 +_ 0.15 x g/cm 

4 .9  +_ 0.8 mb 

5 . 1  If: 1.1 mb 
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t o t a l  s u r f a c e  p r e s s u r e  obtained from t h e  o c c u l t a t i o n  experiment i s  then 

i n  b e s t  agreement wi th  spec t roscop ic  obse rva t ions  of Mars [Refs .  6-91, 

The main u n c e r t a i n t y  i n  these r e s u l t s  i s  t h e  h e i g h t  of t h e  o c c u l t i n g  

s u r f a c e  f e a t u r e  above t h e  mean s u r f a c e .  Another sou rce  of e r r o r  which 

has  been suggested i s  d u s t  suspended i n  t h e  atmosphere. These two e f f e c t s  

would a c t  i n  o p p o s i t e  d i r e c t i o n s ,  but only t h e  a l t i t u d e  e f f e c t ,  amounting 

t o  a 1 pe rcen t  change i n  number d e n s i t y  p e r  90 meters of h e i g h t ,  i s  

thought t o  be of p o s s i b l e  s i g n i f i c a n c e .  

I o n i z a t i o n  nea r  t h e  su r face  of Mars could a l s o  cause  e r r o r s .  How- 

e v e r ,  even du r ing  abnormal blackout i n  t h e  e a r t h ' s  p o l a r  atmosphere, t h e  

e l e c t r o n  number d e n s i t y  apparent ly  does no t  exceed 10 c m  a t  t h e  d e n s i t y  

l e v e l  corresponding t o  t h e  Martian s u r f a c e  c o n d i t i o n s  [Ref ,  l o ] .  Using 

10 c m  a s  an upper l i m i t  t o  t h e  s u r f a c e  e l e c t r o n  d e n s i t y  a t  Electr is  

du r ing  t h e  measurement, one f i n d s  t h a t  t h i s  e f f e c t  would i n c r e a s e  t h e  

number d e n s i t y  given i n  t h e  t a b l e  by less than 0 . 3  p e r c e n t .  

3 - 3  

3 -3 

The number d e n s i t y  s c a l e  he igh t  deduced from t h e  immersion d a t a  

appears  t o  be cons t an t  w i th  a l t i t u d e  a t  least  up t o  about 30 km [Refs .  

1-31. This  r e s u l t  seems reasonable  a l s o  on t h e o r e t i c a l  grounds,  s i n c e  

r a d i a t i v e  exchange cons ide ra t ions  show t h a t  t h e  temperature  l a p s e  ra te  

i n  a carbon d iox ide  atmosphere should be r e l a t i v e l y  low i n  win te r  a t  high 

l a t i t u d e s  [Ref.  111, which corresponds t o  c o n d i t i o n s  du r ing  immersion. 

The emersion measurements ove r  Mare Acidalium i n  t h e  no r the rn  hemi- 

sphere of Mars i n d i c a t e  a s u r f a c e  p r e s s u r e  which is  s e v e r a l  m i l l i b a r s  

h ighe r  than t h e  immersion r e s u l t s .  The d i f f e r e n c e  i n  s u r f a c e  p r e s s u r e  

may be caused by an a i i i i u d e  difference, due e i t h e r  t o  l o c a l  s u r f a c e  f e a -  

t u r e s  or to  d e p a r t u r e s  of t he  mean s u r f a c e  from a g r a v i t a t i o n a l  equ i -  

p o t e n t i a l  s u r f a c e .  The temperature and apparent  l a p s e  ra te  w e r e  a l s o  

h i g h e r  ove r  Mare Acidalium. This i s  t o  be expected s i n c e  i t  w a s  summer 

i n  t h e  n o r t h e r n  hemisphere during t h e  measurement. 

- 4 -  SEL-66-007 



111.  THE UPPER ATMOSPHERE 

From t h e  immersion measurements over  E l e c t r i s ,  t h e  pre l iminary  

e l e c t r o n  number d e n s i t y  p r o f i l e  of F ig .  1 has been der ived .  The l o c a l  

t i m e  w a s  1300 and t h e  s o l a r  z e n i t h  angle  w a s  about 67 deg du r ing  t h e  

measurement. The d a t a  and t h e  computational techniques  used t o  o b t a i n  

t h i s  p r o f i l e  have been publ ished previous ly  [Refs .  1-3, 121. 

The main ionospher ic  l a y e r  i s  a t  an a l t i t u d e  of 120k 5 km and has  

a peak e l e c t r o n  d e n s i t y  of 9 . 5 k 1  X 10 c m  . The plasma s c a l e  he igh t  

a t  t h e  top  s i d e  of t h i s  l a y e r  1s 2 4 k 3  km. Both t h e  s m a l l  s c a l e  he igh t  

and t h e  low a l t i t u d e  of t h e  main l a y e r  show t h a t  t h e  atmosphere i s  sub- 

s t a n t i a l l y  co lde r  than previous ly  a n t i c i p a t e d .  

4 - 3  

There is  a l s o  evidence of a minor ionospher ic  l a y e r  a t  approximately 

100 km a l t i t u d e .  The e l e c t r o n  number d e n s i t y  i n  t h i s  l a y e r  i s  about 

2 .5  X 10 c m  . 4 - 3  

While t h e  accuracy of t h e  e l e c t r o n  d e n s i t y  a t  t he  peak of t he  main 

l a y e r  i s  of t h e  o r d e r  of 10 pe rcen t ,  t h a t  p o r t i o n  of t h e  p r o f i l e  having 

lower d e n s i t y  i s  less accura t e .  In  a d d i t i o n ,  nonspher ica l  t r ends  i n  t h e  

e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  cause inc reas ing  e r r o r s  towards t h e  lower 

p o r t i o n  of t h e  bottom s i d e  of t h e  ionosphere.  

Measurements w e r e  a l s o  made as  the  r ad io  energy probed through t h e  

midnight ionosphere above Mare Acidalium. However, t h e  S-band frequency 

i s  no t  very s e n s i t i v e  t o  t h e  low e l e c t r o n  number d e n s i t i e s  encountered 

i n  t h i s  reg ion  [Refs .  4 ,  133, and a t  p re sen t  w e  can only  s a y  t h a t  t h e  

peak e l e c t r o n  d e n s i t y  on the  n ight  s i d e  w a s  prv'uabiy less  t h m  5 X l0 

c m  . This  upper l i m i t  f o r  t h e  midnight d e n s i t y  toge the r  wi th  the  peak 

e l e c t r o n  d e n s i t y  measured on the  day s i d e ,  both tend t o  sugges t  a some- 

what h igher  loss  c o e f f i c i e n t  than i s  found i n  t h e  e a r t h ' s  F2 region.  

3 

- 3  

W e  w i l l  now b r i e f l y  d i s c u s s  some of t h e  phys ica l  and chemical pro-  

cesses thought  t o  be important i n  t h e  upper atmosphere of Mars. 

S o l a r  u l t r a v i o l e t  r a d i a t i o n  shortward of about 1700 2 d i s s o c i a t e s  

carbon d iox ide  [Refs .  1 4 ,  151: 

C02 + hv + CO + 0 (1) 
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I 

Associa t ion  can t a k e  p l a c e  by three-body c o l l i s i o n s :  

O + C O + M - t C O  + M  ( 2 )  2 

where M i s  any atom or molecule. Some of t h e  oxygen atoms w i l l  a l s o  

a s s o c i a t e :  

0 + 0 + M -+ O2 + M (3) 

Molecular oxygen i s  aga in  d i s s o c i a t e d  by r a d i a t i o n  i n  t h e  Schumann-Runge 

continuum: 

0 + h v + O + O  ( 4 )  2 

S i m i l a r  equat ions  apply f o r  the  formation and l o s s  of ozone. 

In  o r d e r  t o  determine t h e  a l t i t u d e  d i s t r i b u t i o n  of t h e  d i f f e r e n t  

c o n s t i t u e n t s ,  i t  i s  a l s o  necessary t o  cons ider  d i f f u s i o n .  A t  ionospher ic  

h e i g h t s ,  t h e  atmosphere i s  so r a r e f i e d  t h a t  molecular  d i f f u s i o n  becomes 

t h e  f a s t e s t  p rocess  and d i f f u s i v e  s e p a r a t i o n  i s  expected t o  p r e v a i l .  

Hence, above some a l t i t u d e  one may t h e r e f o r e  expect  t h a t  atomic oxygen 

should become t h e  p r i n c i p a l  c o n s t i t u e n t  because i t  is  l i g h t e r  than CO, 

N 2 ,  02, A r  and C 0 2 .  

The Martian atmosphere i s  exposed t o  va r ious  i o n i z i n g  agents .  While 

Mars has  l i t t l e  or no magnetic f i e l d  t o  s h i e l d  i t  from corpuscu la r  r ad ia -  

t i o n ,  s o l a r  u l t r a v i o l e t  and X-rays s t i l l  appear t o  be t h e  most important  

i o n i z i n g  agents  excep t ,  perhaps,  dur ing  d i s tu rbed  s o l a r  cond i t ions  

[Ref.  151. 

A s  w e  d i s c u s s  below, s e v e r a l  of t h e  p re l imina ry  models w e  have made 

f o r  t h e  Mart ian atmosphere have 0' as L l l e  p L i l l L i p a l  --..------ iar, ir, ths m a i n  innn-  

s p h e r i c  l a y e r .  I n  t h e s e  models, t h e  temperature  a t  t h e  top  s i d e  of t h e  

ionosphere would need t o  be  about 80 O K  t o  correspond wi th  t h e  e l e c t r o n  

scale he igh t  of about 24 km. 
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The crucial problem i n  determining c h a r a c t e r i s t i c s  of t h e  upper 

atmosphere, assuming t h a t  atomic oxygen is  t h e  p r i n c i p a l  c o n s t i t u e n t ,  i s  

t h e  i d e n t i f i c a t i o n  of t h e  loss mechanism f o r  0 a t  t h e  peak of t h e  l a y e r .  

W e  w i l l  cons ide r  s e v e r a l  p o s s i b i l i t i e s  f o r  t h i s  "bot t leneck" r e a c t i o n .  

+ 

I t  has been shown by Bates t h a t  t h e  ra te  c o e f f i c i e n t  f o r  r a d i a t i v e  
+ 

recombination of 0 wi th  e l e c t r o n s  i n c r e a s e s  wi th  dec reas ing  temperature  

[Ref.  l o ] .  Neve r the l e s s ,  i t  is  no t  p o s s i b l e  t o  e x p l a i n  t h e  ion  l o s s  rate 

i n  t h e  Martian ionosphere on t h i s  b a s i s  because r a d i a t i v e  recombination 

proceeds too slowly by about 3 o r d e r s  of magnitude. W e  must t h e r e f o r e  

assume t h a t  minor c o n s t i t u e n t s  t a k e  p a r t  i n  t h e  l o s s  p r o c e s s .  The most 

l i k e l y  p o s s i b i l i t i e s  appear t o  be: 

+ t -9 3 
0 + c o 2 + o  + c o  kl  g 10 c m  /sec 

2 

+ t -11 3 
k 10 c m  /sec 2 0 + 0 2 - , o  + o  

2 

+ t 
0 + N 2 + N 0  + N  

-12 3 
k g 10 cm /sec 3 

( 5 )  

A t  120 km a l t i t u d e ,  t h e  charge of molecular i ons  i s  l o s t  q u i t e  

r a p i d l y  through d i s s o c i a t i v e  recombination with e l e c t r o n s  0 + e  + O + O  

and 

+ 
( 2  

NO+ + e + N + 0 ) .  

Reaction 5 ,  brought t o  our a t t e n t i o n  by C.  G.  L i t t l e  and E.  E. 

Ferguson, should be considered because of t h e  preponderance of CO i n  

t h e  lower atmosphere of Mars. By analogy wi th  t h e  e a r t h ' s  ionosphere,  

one  may a l s o  expect  t h a t  t h e  two las t  r e a c t i o n s  could p l a y  a r o l e  i n  t h e  

loss of 0 [Ref.  l o ] .  

2 

+ 
+ 

I n  models where t h e  p r i n c i p a l  i on  i s  0 and any one of t h e  above 

r e a c t i o n s  i s  t h e  predominant l o s s  p r o c e s s ,  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  

would t a k e  on t h e  form of a Bradbury ( F 2 )  l a y e r .  Thus wi th  t h e s e  models 

f o r  t h e  upper atmosphere of Mars, t h e  e l e c t r o n  p roduc t ion  peak is  below 

t h e  e l e c t r o n  d e n s i t y  peak, and t h e  p r o f i l e  on t h e  top  side of t h e  l a y e r  

i s  c o n t r o l l e d  by ambipolar d i f f u s i o n .  From t h e  theory f o r  such a l a y e r  
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. 

[Ref. 161,  i t  is  p o s s i b l e  t o  determine t h e  number d e n s i t y  of atomic 

oxygen a t  t h e  a l t i t u d e  (120 km) of t h e  maximum of t h e  e l e c t r o n  d e n s i t y ,  

a s  i n d i c a t e d  below. 
+ 

Balancing product ion and l o s s  of 0 a t  t h e  peak of t h e  l a y e r  y i e l d s :  

A 

where 

ah = t h e  i o n i z a t i o n  c r o s s  s e c t i o n  of atomic oxygen f o r  
d i f f e r e n t  wavelengths 

I = t h e  i n t e n s i t y  of t h e  i o n i z i n g  f l u x  A 

-7  -1 x u h  IA 10 sec [ R e f .  101 

A 

n ( 0 )  = t h e  atomic oxygen number d e n s i t y  

+ 
n ( 0  ) = t h e  number d e n s i t y  of atomic oxygen i o n s  

B = t h e  l o s s  c o e f f i c i e n t  f o r  atomic oxygen i o n s .  

I f  w e  a l s o  equa te  d i f f u s i o n  t i m e  (H2/D) and l o s s  t i m e  (1/@) a t  t h e  

peak of t h e  l a y e r  w e  o b t a i n :  

. 2 :  p = D/H 

where t h e  d i f f u s i o n  c o e f f i c i e n t  ( D )  i s  r e l a t e d  t o  t h e  temperature ( T )  

and d e n s i t y  [n (O) ]  

D = bf i /n(O)  

17 -1 -1 y 1 / 2  
where b is a c o n s t a n t ,  approximately equal  t o  10 c m  sec 

[Ref.  161. 
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El imina t ing  @ and so lv ing  Eq. (8)  for n ( 0 )  g ives :  

n (0 )  = 1 n(O+) b \ / T  

+ Equat ing n ( 0  ) t o  t h e  measured peak e l e c t r o n  d e n s i t y ,  and us ing  

t h e  temperature  (80 O K )  and n e u t r a l  scale he igh t  (12 km) der ived  from 

t h e  p r o f i l e  measurements, w e  c a l c u l a t e  an atomic oxygen number d e n s i t y  

of  approximately 10 c m  a t  120 km a l t i t u d e .  This  oxygen d e n s i t y  i s  

independent of which of t h e  r eac t ions  ( 5 ) ,  

l o s s  mechanism for 0'. 

9 -3 

( 6 )  or ( 7 )  is  t h e  predominant 
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I V .  THE ATOMIC OXYGEN - CARBON DIOXIDE MODEL FOR THE UPPER ATMOSPHERE 

A t  t h i s  t i m e ,  t h e  most promising atmospheric model appears  t o  be 

one i n  which r e a c t i o n  ( 5 )  i s  the dominant loss mechanism i n  t h e  main 

ionospher ic  l a y e r  [Ref. 4 1 .  
The l o s s  c o e f f i c i e n t  f o r  t h i s  r e a c t i o n  i s  given by: 

U t i l i z i n g  Eqs. (8)  and ( 1 2 ) ,  we o b t a i n  an express ion  f o r  t h e  CO number 

d e n s i t y  requi red  t o  balance production of 0 with t h e  l o s s  given by 

r e a c t i o n  ( 5 )  : 

2 + 

From labora to ry  measurements, t h e  r a t e  c o e f f i c i e n t  kl  has  been found 

t o  be approximately 10 

t h i s  va lue  for 

cub ic  cent imeter  a t  120  km f o r  t h e  atomic oxygen - carbon d iox ide  model 

of t h e  upper atmosphere. 

-9 3 
cm /sec a t  300 O K  [Ref .  171. 

t h e r e  would be only about l o6  CO 

Thus, assuming 

molecules p e r  k l ,  2 

The number d e n s i t y  p r o f i l e s ,  t h e  temperature  p r o f i l e ,  and t h e  p r e s -  

s u r e  p r o f i l e  f o r  t h i s  model a re  shown i n  F i g s .  2 ,  3, c i x !  4 ,  r e s p e c t i v e l y .  

Below 30 km a l t i t u d e ,  t h e  CO number d e n s i t y ,  n (C02) ,  w a s  c a l c u l a t e d  

from t h e  r e f r a c t i v i t y  measured i n  t h e  lower atmosphere. A t  ionospher ic  

h e i g h t s ,  n ( 0 )  and n(C0 ) were determined from t h e  observed e l e c t r o n  

density p r o f i l e  t o g e t h e r  with ion  product ion and loss cons ide ra t ions  as 

o u t l i n e d  above. 

2 

2 

The CO number d e n s i t y  p r o f i l e  a t  ionospher ic  h e i g h t s ,  when ca lcu-  

l a t e d  i n  t h i s  manner, is  inve r se ly  p ropor t iona l  t o  t h e  rate c o e f f i c i e n t  
2 

. I t  should be kept  i n  mind t h a t  kl was measured a t  300 O K  r a t h e r  
kl 
than a t  80 O K ,  and t h a t  t h e  temperature dependence i s  no t  w e l l  known. 
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FIG. 2. NUMBER DENSITY VS ALTITUDE ABOVE ELECTRIS AT THE TIME OF 
IMMERSION INTO OCCULTATION. The l i m i t i n g  ion  loss p rocess  i n  
the  main ionosphe r i c  l a y e r  i s  assumed t o  be O+ + C02 + CO + 02 
with a ra te  c o e f f i c i e n t  of cm3/sec. 
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T O K  

FIG, 3 .  TIMPERA~----- LUKB V's ALTITJDE ABOVE ELECTRIS AT THE TIME OF IMMERSION 
I N M  OCCULTATION. The l i m i t i n g  ion  l o s s  p rocess  i n  the  main iono- 
s p h e r i c  l a y e r  i s  assumed t o  be 
f i c i e n t  of 10-9 cm3/sec. 

O+ + C 0 2  + CO + 0; with a ra te  coef-  
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0' + C02 + CO + 0; wi th  a r a t e  
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Decreasing ( o r  increasing) 

of increasing ( o r  decreasing) n(C0 ) in the upper atmosphere of Mars 2 
by a factor of 10. However, this would not change our identification of 

(5) as the most likely "bottleneck" reaction, particularly if the other 

rate coefficients have a similar temperature dependence. 

kl by one order of magnitude has the effect 

For the model shown in Fig. 2 ,  the dissociation region lies between 

70 and 80 km altitude. The carbon dioxide dissociation is largest at 

unity optical depth. Thus, the height of this region depends on the 

n(C0 ) profile and reducing kl tends to increase the dissociation 

height and vice versa. It should also be pointed out that a complete 

solution for the number density distribution in the dissociation region 

would have to account for 0 Eqs. ( 3 )  and ( 4 ) ,  although this would have 

little effect at higher altitudes. 

2 

2 '  

The number density profiles shown in Fig. 2 were derived assuming 

that CO is in diffusive equilibrium. This approach is justified in 

Fig. 5, where it is shown that for this model the diffusion time constant 

at all heights is smaller than the time constants for loss of CO 

2 

2' 
The full drawn curve in Fig. 3 shows a model for the temperature 

profile above Electris at the time of occultation immersion. Two cri- 

teria were used in order to construct a reasonable temperature profile 

below 30 km altitude: 

1. The number density profile should have the observed scale height 
of about 9 km in this region. 

2 .  Very low temperatures are needed between 30 and 100 km altitude 
i:: nr r le r  t o  provide the low densities at ionospheric heights. 

In the ionosphere, the temperature was found from the electron scale 

height under the assumption that the electrons and icns are in tempera- 

ture equilibrium with the neutral constituents. 

The atmospheric region between 30 and 100 km altitude is not well 

known since there is neither enough neutral molecules nor electrons at 

these heights t o  affect the radio-phase path measurably. Heat flows 

into this region by conduction from the thermosphere (about 100 to 140 

km) and the lower atmosphere. In addition, there is heating due to 

absorption of solar ultraviolet and X-rays. At the temperature minimum 
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(or minima) which i s  expected to  l i e  between 50 and 100 km a l t i t u d e ,  t h e  

hea t  can only be removed by r a d i a t i o n .  Carbon monoxide, atomic oxygen, 

and carbon d iox ide  a r e  a l l  important i n f r a r e d  r a d i a t o r s  i n  t h i s  reg ion .  

The a c t u a l  temperature  p r o f i l e  between 30 and 100 km a l t i t u d e  can 

a t  t h i s  t i m e  on ly  be obta ined  by i n f e r e n c e .  W e  know, f o r  i n s t a n c e ,  t h a t  

t h e  i n t e g r a l  of T from t h e  s u r f a c e  t o  t h e  top s i d e  of the ionosphere 

i s  uniquely determined by t h e  s u r f a c e  and ionospher ic  d e n s i t i e s  and 

temperatures .  With t h e  va lue  for kl adopted h e r e ,  t h e  C02 number 

d e n s i t y  must dec rease  by 11 orders of magnitude from t h e  s u r f a c e  t o  120 

km a l t i t u d e ,  which i n d i c a t e s  t h a t  t he  s c a l e  he igh t  and temperature  a t  

in t e rmed ia t e  l e v e l s  of t h e  atmosphere are s u b s t a n t i a l l y  lower than  t h e  

va lues  obta ined  nea r  the  su r face .  This  r e s u l t  is  f u r t h e r  s u b s t a n t i a t e d  

by t h e  ionospher ic  e l e c t r o n  dens i ty  p r o f i l e ,  where the  sharp  g r a d i e n t s  

on t h e  bottom s i d e  suggest  a temperature even lower than  t h e  80 O K  found 

f o r  reg ions  above the  peak. 

-1 

The minimum temperature  a t  which a l l  CO would remain a g a s ,  under 

s t a t i o n a r y  c o n d i t i o n s ,  is  a l s o  ind ica t ed  i n  F i g .  3. Carbon d iox ide  may 

be supercooled i n  a broad region around 80 km a l t i t u d e .  I f  t h e r e  are 

s u i t a b l e  subl imat ion  n u c l e i  p r e s e n t ,  one would expect  format ion  of dry 

i c e  p a r t i c l e s .  This  mechanism has been suggested a s  a source  of p a r t i c l e  

l a y e r s  i n  the Mart ian atmosphere [Ref. 141. 

2 

L e t  us  cons ide r  b r i e f l y  the e f f e c t  on the number d e n s i t y  and t h e  

temperature  p r o f i l e s  i f  CO does subl imate .  T h i s  can be done i n  a s i m -  

p l i f i e d  manner by changing the temperature  and t h e  number d e n s i t y  i n  

such a way that t he  p r e s s u r e  p r o f i l e  f o r  t h e  CO gas remains t h e  same. 

By i n c r e a s i n g  t h e  temperature u n t i l  the gas is  j u s t  s a t u r a t e d  and r e -  

moving t h e  excess  CO gas molecules by p e r m i t t i n g  them to produce pa r -  

t i c l e s ,  then one o b t a i n s  t h e  s t i p p l e d  temperature  and number d e n s i t y  

p r o f i l e s  shown i n  F i g s .  3 and 2 r e s p e c t i v e l y .  An in t e rmed ia t e  s i t u a t i o n  

i s  a l s o  i n d i c a t e d  by t h e  d o t t e a  teuiperature ccrve i n  F i g .  3. For t h i s  

c a s e ,  the CO gas i s  allowed to  remain supercooled around 100 km a l t i t u d e  

where c o l l i s i o n s  occur  less f r e q u e n t l y ,  subl imat ion  n u c l e i  may be r a r e ,  

and the  d i f f u s i o n  t i m e  is s h o r t e r .  To what e x t e n t  t h e  CO gas a c t u a l l y  

sub l ima tes  depends on t h e  c h a r a c t e r i s t i c  t i m e  cons t an t  f o r  t h i s  p rocess .  

2 

2 

2 

2 

2 
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Because of  lack of p e r t i n e n t  d a t a ,  t h i s  t i m e  cons t an t  has  not  been i n -  

cluded i n  F ig .  5. 

We have a l s o  considered the  case t h a t  carbon d iox ide  n e i t h e r  is  

supercooled no r  forms p a r t i c l e s .  For t h i s  case, w e  f i n d  t h a t  t h e  reac-  

t i o n  r a t e  c o e f f i c i e n t  

tude  sma l l e r  than given above i n  o r d e r  t o  be c o n s i s t e n t  w i t h  t h e  peak 

e l e c t r o n  number d e n s i t y  obtained from the  o c c u l t a t i o n  measurements. 

kl 
would have t o  be about two o r d e r s  of magni- 

Although more work remains t o  be done, i t  appears  t h a t  t h e  low t e m -  

p e r a t u r e  obtained from t h e  o c c u l t a t i o n  d a t a  are c o n s i s t e n t  wi th  t h e  con- 

c l u s i o n  t h a t  CO predominates a t  ground l e v e l .  Th i s  i s  because CO, 0, 

and CO are more e f f e c t i v e  i n  r a d i a t i v e l y  coo l ing  t h e  atmosphere, p a r t i c -  

u l a r l y  near  t he  d i s s o c i a t i o n  region,  [ R e f s .  15, 18, and 191 than i s  

which w a s  p rev ious ly  be l ieved  t o  be t h e  main c o n s t i t u e n t .  I t  should 

a l s o  be noted t h a t  t h e  s o l a r  i r r a d i a n c e  a t  E lec t r i s  w a s  n e a r l y  one o r d e r  

of  magnitude lower than  t h e  s o l a r  cons t an t  a t  t h e  e a r t h  a t  t h i s  t i m e  of 

sunspot minimum, which exp la ins  the  low temperature  g r a d i e n t s  i n  t h e  

thermosphere above Elec t r i s .  

2 

2 

N2 

The e l e c t r o n  number dens i ty  p r o f i l e  shown i n  F ig .  1 i n d i c a t e s  a minor 

l a y e r  a t  approximately 100 km The n e u t r a l  d e n s i t y  i n  t h i s  reg ion  i s  

t o o  low f o r  i t  t o  be  l i k e  t h e  terrestr ia l  E l a y e r .  However, t h i s  reg ion  

co inc ides  q u i t e  c l o s e l y  wi th  he l e v e l  where t h e  maximum 0 product ion 

by s o l a r  u l t r a v i o l e t  (200-800 8) occurs ,  so t h a t  i t  should be i d e n t i f i e d  

as an F1 l a y e r .  While 0' product ion i s  maximum he re ,  0; [formed 

by r e a c t i o n  ( 5 ) ]  may a c t u a l l y  be  t h e  p r i n c i p a l  i o n  s i n c e  i t s  l i f e t i m e  

i s  g r e a t e r  than  O+ below about 115 km. 

+ 
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V .  OTHER MODELS FOR THE UPPER ATMOSPHERE 

+ Reaction ( 6 )  i s  another  p o s s i b i l i t y  f o r  t h e  0 "bot t leneck" r e a c t i o n  
- 11 a t  t he  peak of t h e  main l a y e r .  For a r a t e  c o e f f i c i e n t  of about 10 

3 8 c m  /sec, one f i n d s  t h a t  t h e r e  would have t o  be of t h e  o r d e r  of 10 

molecules p e r  c m  a t  120 km i n  o rde r  t o  account f o r  t h e  ion loss r a t e .  

Ten pe rcen t  0 appears t o  be too high an abundance t o  be a c c e p t a b l e ,  

based on o u r  p re l imina ry  s t u d i e s .  Also t h e  spec t roscop ic  o b s e r v a t i o n s  

i n d i c a t e  t h a t  t h e r e  is  less than 0.1 pe rcen t  0 i n  t h e  lower atmosphere 

of Mars [Ref .  81. 

is  complicated by t h e  f a c t  t h a t  atomic oxygen, produced by t h e  photo- 

d i s s o c i a t i o n  of carbon d i o x i d e ,  a s s o c i a t e s  t o  form 0 

oxygen might s t i l l  be of some importance f o r  t h e  l o s s  of 0 , a t  l e a s t  

i n  t h e  lower p o r t i o n  of t h e  ionosphere.  

oxygen 
3 

2 

2 
However, t h e  O2 d i s t r i b u t i o n  i n  t h e  Martian atmosphere 

Thus molecular 
+ 2 '  

I f  r e a c t i o n  ( 7 )  i s  assumed t o  be t h e  p r i n c i p a l  l o s s  process  i n  t h e  
9 

N2 main l a y e r ,  one f i n d s  t h a t  t he re  would have t o  be of t h e  o r d e r  of 10 

molecules/cm a t  120 km a l t i t u d e ,  Using t h i s  f i g u r e ,  t o g e t h e r  with t h e  

number d e n s i t y  and temperature p r o f i l e s  shown i n  F i g s ,  2 and 3 ,  w e  f i n d  

an N p r o f i l e  which remains higher  than t h e  CO p r o f i l e  a l l  t h e  way down 

t o  where mixing dominates ove r  d i f f u s i o n .  By analogy with t h e  e a r t h ' s  

atmosphere t h i s  t r a n s i t i o n  i s  expected t o  t a k e  p l a c e  a t  a t o t a l  number 

d e n s i t y  l e v e l  of about 3 X 1OI2 molecules/cm . 
t h e  p r i n c i p a l  c o n s t i t u e n t  i n  t h e  lower atmosphere of Mars, w e  conclude 

t h a t  r e a c t i o n  ( 5 )  i s  much more l i k e l y  than r e a c t i o n  ( 7 )  f o r  t h e  l o s s  of 

3 

2 2 

3 
However, s i n c e  CO i s  2 

i 

0'. 

Another approach one might t a k e  i n  des ign ing  atmospheric models f o r  

Mars i s  t o  assume t h a t  t h e  atomic oxygen formed through p h o t o d i s s o c i a t i o n  

of C02 and 0 CO' 

a-nd 0' wi th  e l e c t r o n s )  i s  being l o s t .  I f  t h i s  f o r  i n s t a n c e  could t a k e  
+ + 2 

p l a c e  t o  such an e x t e n t  t h a t  CO or CO became t h e  p r i n c i p a l  i o n ,  then 2 
t h e  main ionosphe r i c  l a y e r  would be of a Chapman type.  The temperature  

on t h e  top s i d e ,  corresponding t o  a molecular mass of 28 o r  44 ,  would be 

140 and 220 O K ,  r e s p e c t i v e l y .  

+ 
(and a l s o  through d i s s o c i a t i v e  recombination of CO 2 2 '  
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However, w e  have no t  found any p l a u s i b l e  mechanism which would re- 

move atomic oxygen t o  the  ex ten t  t h a t  

n(COZ) o r  n(C0) a l l  t h e  way up t o  t h e  exosphere.  Thermal  escape of 

0 would, f o r  i n s t a n c e ,  r e q u i r e  exospher ic  temperatures  i n  excess  of 

1000 O K  [Ref .  141. We have a l so  considered t h e  p o s s i b i l i t y  t h a t  s o l a r  

pro tons  might sweep away atomic oxygen i n  the  exosphere of Mars, bu t  

f i n d  t h a t  c o l l i s i o n s  do no t  occur  f r e q u e n t l y  enough t o  carry away what 

can be suppl ied  through upwards d i f f u s i o n .  I t  t h e r e f o r e  appears  t h a t  

w e  a r e  l e f t  w i t h  atomic oxygen as the  most probable  p r i n c i p a l  c o n s t i t u e n t  

i n  the upper atmosphere of Mars. 

n ( 0 )  would remain lower than 
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V I .  ATMOSPHERIC MASS DENSITY 

Figure  6 i l l u s t r a t e s  how the atmospheric mass d e n s i t y  v a r i e s  with 

a l t i t u d e  f o r  any of t h e  oxygen models (Bradbury ionosphere)  where reac- 

t i o n  ( 5 ) ,  ( 6 ) ,  or ( 7 )  i s  t h e  c o n t r o l l i n g  loss mechanism. The mass d e n s i t y  

a t  120 k m  a l t i t u d e  would be of t h e  o r d e r  of 3 x 10 

models. However, t h e  mass dens i ty  could be a f a c t o r  of 30 h igher  a t  t h i s  

a l t i t u d e  i f  t h e  main l a y e r  were a Chapman l a y e r .  This  d i f f e r e n c e  i n  i n -  

t e r p r e t a t i o n  r e su l t s  i n  t h e  unce r t a in ty  ind ica t ed  a t  120 km a l t i t u d e  i n  

F i g .  6 .  Even so ,  t h e  d e n s i t y  must s t i l l  be lower than would fo l low from 

e x t r a p o l a t i o n  u t i l i z i n g  t h e  new s u r f a c e  v a l u e s ,  and very s u b s t a n t i a l l y  

lower than w a s  p rev ious ly  contemplated. 

- 14 
g/cm3 f o r  t hese  

S ince  g r a v i t y  is about 62 pe rcen t  lower on Mars, i t  w a s  thought t h a t  

t h e  atmospheric mass d e n s i t y  would decrease  much s lower wi th  a l t i t u d e  than 

on t h e  e a r t h .  Thus, n e a r l y  independent of t h e  atmospheric  p re s su re  assumed 

n e a r  t h e  s u r f a c e ,  i t  w a s  proposed t h a t  above 30 t o  50 km a l t i t u d e  the  dens- 

i t y  would become l a r g e r  than the  d e n s i t y  a t  t h e  same a l t i t u d e s  i n  t h e  

e a r t h ' s  atmosphere. However, t h e  o c c u l t a t i o n  d a t a  a n a l y s i s  r e v e a l s  q u i t e  

a d i f f e r e n t  s t a t e  of a f f a i r s .  The low temperatures  i n  t h e  upper and lower 

atmosphere,  t o g e t h e r  wi th  t h e  l a r g e r  molecular  m a s s ,  compensate f o r  t h e  

lower g r a v i t y  i n  c o n t r o l l i n g  the  s c a l e  he igh t .  Hence, t h e  mass d e n s i t y  

p r o f i l e  does no t  c r o s s  ove r  t h e  corresponding p r o f i l e  f o r  t h e  e a r t h ' s  

atmosphere but  remains seve ra l  o r d e r s  of magnitude lower a l l  t h e  way up 

t o  t h e  exosphere which begins  a t  about 140 k m  (Bradbury l a y e r )  or 180 km 

(Chapman l a y e r ) ,  where t h e  mean-free-paiii equals  t h e  sccilc ha+ eh+ 

The ques t ion  of how t h e  mass d e n s i t y  v a r i e s  wi th  a l t i t u d e  i n  the  

Mart ian atmosphere has  also some p r a c t i c a l  imp l i ca t ions .  I n  o r d e r  t o  

p l a c e  a s a t e l l i t e  i n  o r b i t  around Mars, i t  i s  i m p o r t m t  t o  know how t h e  

atmospheric d e n s i t y  v a r i e s  with he igh t .  Most prev ious  models requi red  

an o r b i t  a l t i t u d e  of up t o  seve ra l  thousand k i lome te r s  for a s a t e l l i t e  

wi th  a l i f e t i m e  of 50 y e a r s ,  but t h e  o c c u l t a t i o n  measurements show t h a t  

a few hundred k i lome te r s  should be s u f f i c i e n t .  
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F I G .  6.  ATMOSPHERIC MASS DENSITY V S  ALTITUDE ABOVE ELECTRIS  A T  THE 
TIME O F  IMMERSION INTO OCCULTATION. The NASA engineer ing  model 
shown he re  was used f o r  planning purposes  p r i o r  t o  t h e  Mariner I V  
mission.  
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V I I .  CONCLUDING REMARKS 

. 

The p r i n c i p a l  d i f f i c u l t y  i n  a t tempt ing  t o  i d e n t i f y  t h e  c r i t i c a l l y  

important  ion l o s s  process  i n  the  main ionospher ic  l a y e r  of Mars i s  t h e  

u n c e r t a i n t y  i n  r e a c t i o n  ra te  c o e f f i c i e n t s ,  p a r t i c u l a r l y  wi th  r e s p e c t  t o  

t h e i r  temperature  dependence. Based on p r e s e n t  in format ion ,  w e  b e l i e v e  

t h a t  t h e  atmospheric model presented i n  t h e  f i g u r e s  [ t h e  atomic oxygen - 
carbon d ioxide  model of  t h e  upper atmosphere,  based on Eq. ( 5 ) ]  is  more 

l i k e l y  than t h e  o t h e r  p o s s i b i l i t i e s  t h a t  were cons idered ,  a l though re- 

v i s i o n s  may be necessary when more informat ion  on temperature  dependence 

becomes a v a i l a b l e .  This  favored model r e q u i r e s  only  CO n e a r  t h e  s u r f a c e ,  

and thus  w e  n e i t h e r  need any minor c o n s t i t u e n t s  t o  understand t h e  atmo- 

s p h e r i c  p rocesses ,  n o r  can w e  use t h e  o c c u l t a t i o n  r e s u l t s  t o  i d e n t i f y  

minor c o n s t i t u e n t s .  Other  cons ide ra t ions  i n d i c a t e  t h a t  N and A r  may be  

p r e s e n t  [Refs.  6-91 but  as d iscussed  p rev ious ly ,  CO must be t h e  p r i n -  

c i p a l  atmospheric c o n s t i t u e n t .  

2 

2 

2 

F. S. Johnson [Ref.  51 has a l s o  der ived  an atmospheric  model based 

on t h e  ionospher ic  o c c u l t a t i o n  r e s u l t s  of Mariner I V .  From a comparison, 

however, i t  appears  t h a t  t h e r e  a r e  s e v e r a l  important  d i f f e r e n c e s  i n  

t rea tment  and conclus ions  from those  of  Fjeldbo e t  a1 [Ref.  41 and t h e  

work repor ted  he re .  Johnson does no t  d i s c u s s  which r e a c t i o n s  are respon- 

s i b l e  f o r  t h e  l o s s  of  Of i n  the  main l a y e r .  

Fehsenfeld e t  a 1  [Ref .  171 of t h e  r a t e  c o e f f i c i e n t  f o r  r e a c t i o n  ( 5 )  

a p p l i e s ,  Johnson 's  atmospheric model i s  no t  compat ible  wi th  t h e  measured 

ionospher ic  p r o f i l e .  Numerically,  his m ~ d e l  \?r~?l_?ld yield an 0 d e n s i t y  

n e a r l y  t h r e e  o r d e r s  of magnitude lower than t h e  e l e c t r o n  d e n s i t y  m e a -  

sured  a t  120 km, and h i s  F2 peak would be a t  140 km i n s t e a d  of a t  120 km. 

I f  t h e  measurement by 

+ 

Johnson 's  conclus ion  t h a t  t h e r e  i s  no thermosphere on Mars a l s o  d i f -  

f e r s  from o u r  work, which sugges ts  a p o s i t i v e  temperature  g r a d i e n t  below 

t h e  peak of t h e  ionosphere t o  he lp  t r a n s p o r t  hea t  downward t o  reg ions  

where i t  may be r a d i a t e d  more e f f i c i e n t l y .  Also ,  w e  do not  agree  t h a t  

h i s  l a p s e  ra te  of 5 OK/km i n  t h e  t roposphere  over  E lec t r i s  i s  compatible 

wi th  t h e  experimental  r e s u l t s  or with  what would be expected from rad ia -  

t i v e  exchange theory  f o r  a carbon d iox ide  atmosphere a t  t h i s  l a t i t u d e  and 
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season.  However, h i s  work agrees  wi th  o u r s  i n  t h e  fundamental p o i n t s  

concerning t h e  preponderance of atomic oxygen i n  t h e  upper atmosphere 

and t h e  conclusion t h a t  t h e  main ionospher ic  l a y e r  i s  of t h e  Bradbury 

(F2)  type.  Johnson has  a l s o  made important  con t r ibu t ions  wi th  regard 

t o  t h e  geologic  h i s t o r y  of t h e  Martian atmosphere,  a sub jec t  which is 

n o t  t r e a t e d  he re .  
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